Only few studies in the plant tissue culture literature have examined the impact of lanthanoids, or rare earth elements, on in vitro plant organogenesis. In this study, using a model plant, hybrid Cymbidium Twilight Moon 'Day Light', the impact of six lanthanoids (lanthanum (III) nitrate hexahydrate (La(NO3)3·6H2O), cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O), neodymium (III) nitrate hexahydrate (Nd(NO3)3·6H2O), praseodymium (III) nitrate hexahydrate (Pr(NO3)3·6H2O), samarium (III) nitrate hexahydrate (Sm(NO3)3·6H2O), gadolinium (III) nitrate hexahydrate (Gd(NO3)3·6H2O) on new protocorm-like body (neo-PLB) formation on Teixeira Cymbidium (TC) medium was examined. 0 (control), 1, 2, 4 and 8 mg·dm -3 of each lanthanoid was tested. All lanthanoids could produce more neo-PLBs and neo-PLB fresh weight than TC medium lacking plant growth regulators (PGRs), suggesting some PGR-like ability of lanthanoids, although PLB-related traits (percentage of half-PLBs forming neo-PLBs; number of neo-PLBs formed per half-PLB; fresh weight of half-PLB + neo-PLBs) was always significantly lower than TC medium containing PGRs. Except for Gd, all other lanthanoids had no negative impact on the number of new leaves from neo-PLB-derived shoots, but all lanthanoids showed a significantly lower plant height, shoot fresh weight and shoot dry weight and, in most cases, SPAD (chlorophyll content) value. In addition, using the same concentration of the six lanthanoids, the ability to fortify root formation of neo-PLB-derived plantlets was also assessed. Except for Sm, all other lanthanoids significantly increased the number of roots, root fresh and dry weight.
INTRODUCTION
In vitro regeneration protocols for the most common orchid genera such as Paphiopedilum, Dendrobium, Phalaenopsis, Vanda, Oncidium, Epidendrum and some other orchids have been well developed (Hossain et al. 2013) . In almost all cases, the use of plant growth regulators (PGRs) has been used to induce protocorm-like bodies (PLBs). These PLBs, in general, when maintained on the same medium, within 3-6 months, depending on the orchid genus, spuriously form shoots from the apical terminal of the PLB and roots from the basal portion, developing plantlets within 6-12 months, also depending on the genus or even cultivar. PGRs are the most commonly used growth-regulating substance used in orchid biotechnology, although substances such as phloroglucinol or coconut water have growth-promoting and growth-inhibiting properties, also depending on the concentration applied to medium (Teixeira da Silva 2013a; Teixeira da . In this study, hybrid Cymbidium (Orchidaceae) has been used because its developmental response in vitro using its clonal propagule, the PLB, equivalent to a somatic embryo, has been well studied (Teixeira da Silva & Tanaka 2006; Teixeira da Silva 2013b; Teixeira da Silva & Dobránszki 2013) . PLBs, when encapsulated, can form synthetic seeds (synseed) (Teixeira da Silva 2012a), which are useful units for cryopreservation (Sharma et al. 2013) .
Rare earth elements (REEs) or lanthanoids are a group of 15 metallic chemical elements with atomic numbers 57-76 (Wikipedia 2013) . Only few studies in the literature exist on the effect of lanthanoids on in vitro plant growth, one of them, interestingly enough, on another orchid, Dendrobium densiflorum (Luo et al. 2008) . In that study, lanthanoids were shown to improve rooting. Improved rooting through the application of lanthanoids has already been shown for several crops. Lanthanum (La) and/or cerium (Ce), significantly elongated roots in Zea mays (corn) and Vigna radiata L.R. Wilczek (mungbean) or flowering in Arabidopsis thaliana (Diatloff et al. 1995a, b; He & Loh 2000; Liu & Hasenstein 2005) . However, these studies examined the effects of lanthanoids in planta and in an ex vitro environment and thus have limited application for in vitro studies.
On the basis of the Luo et al. (2008) study, and departing from the premise that lanthanoids would have some similar effect on other orchids, a wider range of lanthanoids, six in total, was tested to assess the impact on hybrid Cymbidium organogenesis. Many media can support the induction and development of Cymbidium PLBs in vitro (Teixeira da Silva et al. 2005) , Teixeira Cymbidium (TC) No. 1 medium (Teixeira da Silva 2012b) was used in this study.
MATERIALS AND METHODS
All protocols (experimental design, chemicals, reagents, explant preparation and treatment analysis) strictly follow Teixeira da Silva (2013c), almost verbatim in parts.
Chemicals and reagents
All chemicals and reagents were of the highest analytical grade available and were purchased from either Sigma-Aldrich (St. Louis, USA), Wako Chemical Co. (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan), the cheapest choice at the highest tissue-culture grade, unless specified otherwise.
Plant material and culture conditions
PLBs of hybrid Cymbidium Twilight Moon 'Day Light' (Bio-U, Tokushima, Japan) originally developed from shoot-tip culture on Vacin & Went (1949) (VW) agar medium without PGRs, were induced and subcultured (PLB induction and proliferation medium) every two months on TC medium (Teixeira da Silva 2012b), which contains a unique composition of macro-and micronutrients, and was supplemented with 0.1 mg·dm -3 α-naphthaleneacetic acid (NAA) and 0. 
____________________________________________________________________________________________________________________
All lanthanoids were dissolved in distilled water and needed concentrations were made up from 100x stock solutions fresh for each repetition. Lanthanoids were only added to solid or liquid TC medium after cooling at room temperature and filtering through 22 µm Millipore filters.
Using the protocol of Teixeira da Silva et al. (2007) for the acclimatisation of Cymbidium to ex vitro conditions, shoots 4 cm long containing three ensheathed leaves were placed in PGR-free TC medium solidified with 2 g·dm -3 Gellan gum, but containing 0 (control), 1, 2, 4 and 8 mg·dm -3 of each lanthanoid listed above. Plantlet growth was quantified by the number of new leaves and roots, plant height, fresh and dry weight of shoots and roots. Chlorophyll content in the third fully developed leaf (counting downward from the top, except for IPM in Table 2 ) of the plantlets was measured as the SPAD value by a chlorophyll metre (SPAD-502, Minolta, Japan).
Finally, and simultaneously to the second experiment, using the experimental design of Teixeira da Silva (2013c), 5 mm long roots with intact root tips were excised with a feather blade from 6 month-old shoots. These shoots were derived from control neo-PLBs derived from standard TC medium. Roots were grown on PGR-free TC medium solidified with 2 g·dm -3 Gellan gum (see figures in Teixeira da Silva 2013c). Using excised root tips (5 mm long), the effect of lanthanoids on root growth (as isolated organs as opposed to organs attached to the rest of the plant) was assessed. Growth of roots on solid and liquid medium was assessed after 60 days. Liquid medium was agar-and PGRfree liquid TC medium containing the same concentration of lanthanoids as the solid medium trials. Ten roots with intact root tips were cultured in 25 ml of this medium in 250 ml Erlenmeyer flasks and placed on a shaker at constant 84 rpm under the same light and temperature conditions as solid TC medium. The resulting organogenic outcome (neo-PLB or root response) was scored visually after 60 days, 60 days being the optimal time for sampling (Teixeira da Silva & Dobránszki 2013). Explants and roots were photographed using stereo light microscopy and/or a digital camera.
Statistical analyses
Experiments were organised according to a randomised complete block design (RCBD) with 10 replicates per treatment (i.e., lanthanoid concentration). All experiments were repeated in triplicate (n = 30, total sample size per treatment i.e., over three blocks). Data was subjected to analysis of variance (ANOVA) with mean separation by Duncan's multiple range test (DMRT) using SAS ® version 6.12 (SAS Institute, Cary, NC, USA). Significant differences between means were assumed at p ≤ 0.05.
RESULTS AND DISCUSSION
The most notable (original) finding of this paper is that all six lanthanoids at all concentrations reduced neo-PLB formation and all three neo-PLBrelated parameters (Table 1; Fig. 1B-H) . Except for Gd, all other lanthanoids reduced shoot-related parameters (Table 2) and stimulated root growth, development and formation, as exemplified by significantly higher number of roots, root fresh and dry weight (Table 3) . On a fresh and dry weight basis, most treatments with lanthanoids, and both controls showed a root : shoot ratio of <1.0, indicating that the formation of shoots was favoured (Table 3) . In the control, shoots were strongly favoured. In several instances, on a dry weight basis, root formation was strongly favoured or enhanced, namely with 4 mg·dm -3 La, 1 or 2 mg·dm -3 Ce, Nd or Pr (Table 3). This was strengthened by an increase in root tip biomass (Fig. 1A) when grown in the presence of all lanthanoids relative to both controls (data not shown). This study indicates that lanthanoids could be considered as a new class of PGR, and hence stimulate pure and applied research, although their high cost would likely make their use prohibitive to many researchers. 3 In fact, the average fresh weight of initial half-PLB explants is 54 mg (n = 10). At the beginning of each treatment, rootless shoots contained three full-grown shoots.
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Measured from the level of medium to the tallest leaf tip.
5
Shoots were dabbed on dry tissue paper to remove in vitro flask moisture before weighing.
6
Shoots were cut at the base from roots, wrapped in two layers of newspaper, labelled, and dry in a hot-air convection oven at 65 °C for 1 week.
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SPAD value is a measurement of the chlorophyll content; For IPM treatments, n = 10. Control with no sonication and excluding PGRs. Unlike shoots, no roots existed on shoots when first plated, thus number of roots = new roots.
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Roots were dabbed on dry tissue paper to remove in vitro flask moisture before weighing; roots were cut off at the point adjoining them to the shoot.
5
Roots were cut at the base from shoots, wrapped in two layers of newspaper, labelled, and dry in a hot-air convection oven at 65 °C for 1 week.
6 FW = fresh weight; DW = dry weight; a ratio < 1.0 = favoured shoot formation; a ratio > 1.0 = favoured root formation. The lanthanoids remain a relatively unexplored area of research in the biological sciences, particularly in the plant sciences, and most notably with only one other study related to in vitro culture. Even so, La has been used to monitor the movement of calcium in plant tissues (Liu & Hasenstein 2005) . Hu et al. (2004) showed the use of lanthanoids in agriculture. Spurred by a promising initial study on lanthanoids that showed that three of these rare earth metals could stimulate rooting in Dendrobium densiflorum (Luo et al. 2008) , this study was born. In their study, Luo et al. found that after shoot induction in the presence of 6-benzyladenine, that the application of 2 mg·dm -3 Nd(NO3)3 could fortify root growth of plantlets, significantly more than commonly used auxins such as NAA, IAA and IBA. Plantlets could then be successfully acclimatised; 2.5 μM IAA, when combined with 100 μM La 3+ , resulted in 96% rooting efficiency in Saussurea involucrata Kar. et Kir in vitro shoots (Guo et al. 2012) . Peroxidase (POX) and superoxide dismutase activity increased in tissue of La 3+ -containing medium. Hong et al. (2005) noted that nitrate reductase (NR), glutamine synthetase and glutamate dehydrogenase activity in the roots of peach CeCl3. Song et al. (2003) also noted that 1.0-3.0 µmol·dm -3 La(NO3)3 in loquat (Eriobotrya japonica Lindi) in vitro rooting medium increased the rooting rate, root fresh weight, promoted root length and increase POX and NR activities.
Some rudimentary evidence for the mechanism of action exists. Lanthanoids increase the content of endogenous IAA by stimulating the synthesis of IAA precursor tryptophan and/or inhibiting the enzyme activity for IAA decomposition (Hu et al. 2004) . Some relation with the stabilisation of the cytoskeleton of root cells also exists (Liu & Hasenstein 2005) while mitochondrial metabolic activity is enhanced in the presence of La in rice (Oryza sativa L.) (Dai et al. 2008) . Guo et al. (2012) (Song et al. 2003; Hong et al. 2005) or in salt-stressed Vigna radiata (Shan & Zhao 2014) . Ruíz-Herrera et al. (2012) suggested that lanthanoids precipitate phosphate, creating P deficiency conditions in the growth medium, inhibiting primary root growth and increasing root hair and lateral root development. CeCl3 promoted nitrogen metabolism through the transformation of NO3 -to NH4 + in peach in vitro roots (Hong et al. 2005) . Küpper et al. (2006) claim that photosynthesis and thus shoot/leaf growth could be affected by lanthanoids which can substitute the central Mg in chloroplasts, growth of Dryopteris erythrosora, a lanthanoid-accumulating fern species, was enhanced in response to La (Ozaki et al. 2000) .
However, apart from five studies, including two on orchids, few other studies have examined the effects of lanthanoids on plant growth and development in vitro. Consequently, this area of research is at a nascent phase of development and many more trials would be required on more plant species, both edible, horticultural and agronomic, to assess the broad range of effects in vitro and under greenhouse and field trials. Key questions that still need to be answered: (A) what is the toxicity of lanthanoids, as assessed by toxicity assays? (B) What is the mechanism by which a plant takes up lanthanoids? (C) To what level and in what organelles and parts of the plant are lanthanoids accumulated, or used? The expense of these metallic chemical elements (between 60 and 200 US$/25 g) may make future research prohibitive or restricted, although only milligram amounts are in fact required.
